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Sub-aerial biofilms (SAB) are ubiquitous, self-sufficient microbial ecosystems found on
mineral surfaces at all altitudes and latitudes. SABs, which are the principal causes
of weathering on exposed terrestrial surfaces, are characterized by patchy growth
dominated by associations of algae, cyanobacteria, fungi and heterotrophic bacteria.
A recently developed in vitro system to study colonization of rocks exposed to air
included two key SAB participants - the rock-inhabiting ascomycete Knufia petricola
(CBS 123872) and the phototrophic cyanobacterium Nostoc punctiforme ATCC29133.
Both partners are genetically tractable and we used them here to study weathering of
granite, K-feldspar and plagioclase. Small fragments of the various rocks or minerals
(1–6 mm) were packed into flow-through columns and incubated with 0.1% glucose
and 10 µM thiamine-hydrochloride (90 µL min−1) to compare weathering with and
without biofilms. Dissolution of the minerals was followed by: (i) analysing the degradation
products in the effluent from the columns via Inductively Coupled Plasma Spectroscopy
and (ii) by studying polished sections of the incubated mineral fragments/grains using
scanning electron microscopy, transmission electron microscopy and energy dispersive
X-ray analyses. K. petricola/N. punctiforme stimulated release of Ca, Na, Mg and Mn.
Analyses of the polished sections confirmed depletion of Ca, Na and K near the surface
of the fragments. The abrupt decrease in Ca concentration observed in peripheral areas
of plagioclase fragments favored a dissolution-reprecipitation mechanism. Percolation
columns in combination with a model biofilm can thus be used to study weathering
in closed systems. Columns can easily be filled with different minerals and biofilms,
the effluent as well as grains can be collected after long-term exposure under axenic
conditions and easily analyzed.
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INTRODUCTION
As life began to spread onto land at least 1.2 Ga ago, the first settlers were oxygenic cyanobacteria
along with various organotrophic microorganisms. Present day sub-aerial (bare) rock surfaces
are inhabited by similar microbial communities. Sub-aerial biofilms (SAB) are ubiquitous,
self-sufficient, miniature microbial ecosystems that are found on mineral surfaces at all altitudes
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and latitudes. Patchy growth dominated by associations of algae,
cyanobacteria, fungi and heterotrophic bacteria are amongst the
principal characteristics of SABs. In addition to being one of
the principal causes of weathering, SABs also accelerate the
decay of cultural heritages (Dornieden et al., 2000a,b; Warscheid
and Braams, 2000; de los Ríos and Ascaso, 2005). Microbial
colonization of architectural monuments and works of art
also causes discoloring as the SAB inhabitants often produce
highly colored pigments including carotenoids, chlorophylls and
melanins (Gorbushina et al., 1993; Diakumaku et al., 1995;
Urzì and Realini, 1998; Gorbushina and Broughton, 2009).
Furthermore some organisms induce acidolytic and oxido-
reductive corrosion processes, excrete geochemically active
substances as siderophores and low molecular weight organic
acids, form detrimental crusts and therefore destroy solid
materials (Warscheid and Braams, 2000). Limiting or preventing
biodeterioration is therefore critical to conserving objects of
cultural value.
Various microbes enhance the release of different elements
from rocks (Davis et al., 2007; Abdulla, 2009; Bonneville et al.,
2011; Brunner et al., 2011; Lapanje et al., 2012; Olsson-Francis
et al., 2012). Excreted organic acids and respiration-derived CO2
are often active in these processes (Silverman and Munoz, 1970;
Delatorre et al., 1993; Gómez-Alarcón et al., 1994; Machill et al.,
1997; Landeweert et al., 2001; Abdulla, 2009; Weber et al., 2011),
although fungal hyphae can directly penetrate and widen fissures
in rocks (Sterflinger, 2000; Gorbushina et al., 2003; Chertov
et al., 2004). The extreme microbial diversity of soil organisms
(Jongmans et al., 1997; Landeweert et al., 2001; Schöll et al.,
2008; Abdulla, 2009; Bonneville et al., 2009; Rosling et al., 2009;
Taylor et al., 2009) and accompanying macroscopic vegetation
results in high rates of weathering. As weathering of rocks is
the first step in soil formation (Chadwick et al., 1990), surface
weathering is an essential component of biogeomorphological
processes. Nevertheless, the morphologically simpler microbial
ecosystems that prevail on bare rocks also have multiple effects
on element cycles (Gorbushina, 2007). The relative simplicity of
SAB communities as compared to microbes in soils means that
they are ideal in the study of biotic impact of microbes on the
dissolution of minerals. Due to the extreme conditions on bare
rock surfaces, only certain stress tolerant microorganisms that
can withstand extreme dryness, wide temperature fluctuations,
intense solar irradiation and low nutrient availability are able
to survive. Often phototrophic cyanobacteria and oligotrophic
microcolonial fungi (MCF) initially dominate this ecological
niche (Staley et al., 1982; Sterflinger, 1998; Tamaru et al., 2005;
Gorbushina, 2007; Knowles and Castenholz, 2008; Ozturk and
Aslim, 2010). Both types of organisms are extremely tolerant of
many kinds of stress conditions and are therefore involved in
biodeterioration of monuments (Gorbushina et al., 1993, 2003;
Diakumaku et al., 1995; Ortega-Calvo et al., 1995; Büdel et al.,
2004; Olsson-Francis et al., 2012).
Various systems have been proposed to study the dissolution
of minerals under different environmental conditions but flow-
through systems result in high aeration and dissolution
rates, which are important for cultivation of aerobic
microorganisms and ideal for modeling SAB growth on
rocks and minerals. Flow-through percolation columns allow
for long-term microbiologically and geochemically stable
experiments. Furthermore, quantification of dissolution can
be performed on the liquid phase by measuring released
elements via spectrometric methods like ICP-MS and ICP-OES
(inductively coupled plasma mass spectrometry/optical emission
spectrometry) (Olesik, 1991). Changes in the mineral phase
can be analyzed via spectroscopic methods including EDX
(energy dispersive X-ray spectroscopy), SEM (scanning electron
microscope) or TEM (transmission electron microscope)
(Eggert, 2005). Additionally, the solid mineral phase can be
chemically digested and the contents measured by ICP-MS/OES.
Degradation of solid phases is often described by “weathering
indices” which are the ratios of mobile and immobile elements
(Price and Velbel, 2003; Takahashi and Shimaoka, 2012). To
be useful, weathering indices must take into account a certain
spectrum of mobile elements in the particular mineral and be
applicable to as broader range of different rock-types as possible.
Two widely accepted indices are the Weathering Index of Parker
(WIP) and the Chemical Index of Alteration (CIA), calculated
according to Equations (1) and (2). WIP values decrease and
CIA values increase with rising degrees of weathering.
WIP = 100∗[(2Na2O/0.35)+ (MgO/0.9)+ (2K2O/0.25)
+(CaO/0.7)] (1)
CIA = 100∗[Al2O3/(Al2O3 + CaO+Na2O+ K2O)] (2)
Equally, the types of rocks used in model weathering studies
should be of global relevance and contain components that
weather rapidly. Granite, being among the most abundant rock
types within the Earth crust and crucially important in the
construction of buildings andmonuments was an obvious choice.
Mica and feldspar are typical components of granite, which have
relatively high dissolution rates and are sensitive to microbial
degradation (Lasaga et al., 1994; Bonneville et al., 2011).
Finally, reproducible studies of microbial effects on the
weathering of rocks are only possible if the number of variables
is limited (i.e., simplified laboratory models are a prerequisite)
and under well-controlled, laboratory conditions. In a previous
study, a laboratory rock-inhabiting biofilm consisting of the
heterotrophic MCF Knufia petricola and the nitrogen-fixing
cyanobacteriumNostoc punctiformewas established (Gorbushina
and Broughton, 2009). Here we used this biofilm to study the
biological impact on weathering of granite and related minerals
in a new setting of a geomicrobiologically-modified percolation
column.
MATERIALS AND METHODS
Model Biofilm—Starting Cultures and
Inoculum Preparation
Nostoc punctiforme ATCC29133 was kindly supplied by J.M.
Meeks (University of California, Davis, CA, USA) (Ekman et al.,
2013). Cultures used for the experiments were grown in BG11
medium (Stanier et al., 1971) at pH 7.5 25◦C and 90 µM photons
of photosynthetically active light m2 s−1 for 24 h d−1 and shaking
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(160 rpm). Knufia petricola (CBS 123872) was isolated from a
weathered marble monument in Athens (Greece) (Nai et al.,
2013). Cultures used for the experiments were grown in 2%
malt extract broth [MEB: 2% (w/v) malt extract; 0.1% (w/v)
casein-digested peptone; 2% (w/v) D-(+)-glucose] under shaking
(100 rpm) at 25◦C. Both organisms were transferred weekly by
diluting 1:100 into fresh media. Seven to 14 d old cultures were
used for the preparation of inocula for rock/mineral dissolution
experiments.
To prepare inocula, biomass of both organisms was dispersed
in a ball-mill, centrifuged (6603 RCF for 15 min), the pellets were
washed three times and finally re-suspended in 5mMglucose and
10 µM thiamine-hydrochloride for the rock/mineral dissolution
experiments. Dispersion of clumped cells was performed in
stainless steel beakers containing eight stainless steel beads (ca. 5
mm diameter) for 10 min at 30 Hz (for K. petricola) or with four
glass beads for 5 min at 25 Hz (forN. punctiforme) in a mixer mill
(MM400, Retsch GmbH, Haan, Germany).
Experimental Setting
Percolation experiments were run for 180 d in columns modified
from those used in the investigation of the environmental
compatibility of materials (DIN 19528, 2009-01). The glass
columns were filled with 750 g of rock/mineral (mineralogical
details in 2.3) with a grain size between 1 and 6 mm,
homogenized using a gyro wheel mixer and subsequently
subdivided into representative portions using a sample splitter.
Rock/mineral-filled columns and solutions were sterilized by
autoclaving for 15 min at 121◦C. Inocula were pipetted into the
columns under aseptic conditions. Closed, circulation systems
were imposed and a single glass bottle served both as the
reservoir for the nutrient solution and as the eluate collector
for each column (Figure 1). One L glucose/thiamine solution
was supplied from the top by a peristaltic pump (ICP12, IDEX,
Oak Harbor, USA) in a parallel mode. The flow-rate was 5.4 mL
h−1 which meant that it took 185 h for 1 L nutrient solution
to flow through a column. In experiments involving granite,
non-inoculated columns (“abiotic experiments”) and columns
initially inoculated with 105 cells of both organisms per g rock
(“biotic experiments”) were run as triplicates. An additional
column was used as abiotic control using MilliQ (MQ) water in
place of nutrient solution. Plagioclase and K-feldspar dissolution
experiments were performed in the same way using single biotic
and abiotic samples. Sterile filters were placed at the inlet and
outlet positions of the columns to ensure that microorganisms
in biotic experiments remained within the columns.
All rock/mineral dissolution experiments were incubated in
Percival climate chambers (Percival Scientific Inc., 505 Research
Drive, Perry, IA 50220, USA) at 25◦C and 90 µM photons of
photosynthetically active light m2 s−1for 24 h d−1.
Rocks/Minerals
Samples used in the weathering experiments were granite blocks
(Bauhaus AG, Zug, Switzerland). A chemical and mineralogical
characterization of the rock samples was done before use. The
overall chemical composition of the granite is given in Table 1
FIGURE 1 | Flow-through experiments in percolation columns. A
glucose/thiamine nutrient solution was cycled through the column via silicon
tubing attached to a peristaltic pump (1) from glass bottles (2) to the top (3) of
the columns (4). The columns were filled with chips of granite or K-feldspar or
plagioclase. The eluate was diverted from the bottom of the columns into glass
bottles (2). Sterile filters were placed at the input (3) and output (5) positions of
the columns to ensure that the microorganisms in biotic experiments remained
within the columns.
TABLE 1 | Elemental composition of the granite based on ICP-OES or
ICP-MS measurements after digestion of the rock material (n = 2).
Element Concentration
within granite
[%]
SD
[%]
Element Concentration
within granite
[ppm]
SD
[ppm]
Al
Ca
1.59
0.49
0.24
0.03
Ba
Cd
92.9
0.56
36.7
0.02
Fe 0.71 0.02 Co 5.4 0.3
K
Na
Si
5.32
2.37
27.48
0.05
0.05
0.02
Cr
Cu
Mg
Mn
Mo
Ni
Pb
Sb
Sr
V
Zn
568
7.2
210
302
43.3
232
168
5.5
72.5
3.7
41.5
3
1.3
32
10
1.7
9
1
0.5
6.1
0.1
3.9
SD, standard deviation.
illustrating more than 2-fold higher amounts of K as compared
to Na.
Polished granite sections contained a plagioclase with
an elemental composition toward the albite end member
(NaAlSi3O8) (Table 2), a K-rich feldspar (KAlSi3O8), quartz
(SiO2) and biotite (K(Mg,Fe)3AlSi3O10(F,OH)2) as mica
group. Sporadically, magnetite (Fe3O4), titanite (CaTiSiO5),
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TABLE 2 | Elemental composition of feldspars within the granite used
before exposition to the experimental conditions, based on EDX
measurements.
Mineral Element Concentration within
mineral [%]
SD [%]
K-feldspar Al
Ca
Fe
K
Mg
Na
Si
17.92
0.10
0.15
21.94
0.12
2.89
56.83
0.31
0.05
0.16
2.36
0.41
1.60
0.83
Plagioclase Al
Ca
Fe
K
Na
Si
21.03
2.99
0.12
0.83
15.03
59.98
0.88
1.48
0.08
0.56
1.14
1.74
(a) Data for the observed K-rich feldspar (n = 13) indicating a mineralogy toward the
microcline end member. (b) Data for the observed plagioclase (n = 21) indicating a
mineralogy toward the albite end member.
ilmenite (FeTiO3), zircon (ZrSiO4), calcite (CaCO3) and
apatite (Ca10(PO4)6(OH,F,Cl)2) were also found. The K-rich
feldspar was microporous with an elemental composition
toward microcline (KAlSi3O8) but containing low amounts of
Na. Chloritization, the transformation of biotite into chlorite
((Mg,Fe)3(Si,Al)4O10(OH)2(Mg,Fe)3(OH)6), was observed
in the peripheral zones of the grains. Plagioclase showed a
central sericite formation (KAl2(OH,F)2AlSi3O10) through K
accumulation (sericitization).
As the presumably best weatherable minerals within the
granite were plagioclase and the K-rich feldspar, these minerals
(obtained from Rheinisches Mineralien-Kontor GmbH, Bonn,
Germany) were used in additional experiments within the
percolation columns. The plagioclase used contained small
inclusions with a more microcline-like chemistry, the K-feldspar
used contained albite-like inclusions with an estimated fraction
of 20–30%.
The original rock material was crushed to small grains using
a jaw crusher (BB 300, Retsch GmbH, Haan, Germany), rinsed
with MQ water to remove fine dust, dried and sieved to obtain
grain sizes between 1 and 6 mm. To ensure a homogeneous
distribution of the varying grain sizes within different samples the
mineral grains were homogenized and sub-divided by a rotary
sample divider (PT 100, Retsch GmbH) and collected in glass
vessels. Then, the homogenized materials were transferred to the
incubation columns.
Biological Analyses
Cell numbers were quantified using both qPCR (quantitative
polymerase chain reaction) with specific primer pairs and the
corresponding PCR protocols (Sherwood and Presting, 2007;
Bates and Garcia-Pichel, 2009) as well as by viable counts for
K. petricola and by measuring chlorophyll a (Chl a) for N.
punctiforme [Meeks and Cohen (Meeks and Castenholz, 1971;
Cohen et al., 1994)]. Unknown amounts of DNA were estimated
by calibrating DNA extracts with known numbers of each
organism.
Chemical Analysis
Analyses of the mineralogical and elemental composition of
polished sections of rock/mineral grains were performed by
microprobe recording and EDX measurements using a JXA-
8230 SuperProbe Electron ProbeMicroanalyzer (JEOL Ltd, Shin-
Suzuharu BLDG. 3F 2-8-3 Akebono-cho, Tachikawa, Tokyo 190-
0012, Japan) (n between 13 and 21) on clearly differentiated
mineral fractions of the polished sections. Polished mineral
sections were compared by scanning electron microscopy-
energy-dispersive X-ray spectroscopy SEM-EDX (XL30, 5350
NE Dawson Creek Drive, Hillsboro, Oregon 97124 USA)
and transmission electron microscopy- energy-dispersive X-ray
(TEM-EDX)(CM12, Philips, Amsterdam, Netherlands) in central
and peripheral positions of the polished sections before and
after imposition of the treatments. Stimulation of the emission
of characteristic X-rays was performed using a 5 µm thick
electron beam at 15 kV for 10 s, while TEM-EDX stimulation
was at 120 kV for 300 s. With some samples, microprobe-EDX
measurements were additionally performed (15 kV, five times for
2 s at the same position with subsequent averaging). Analyses of
the total chemical composition were done by ICP-OES (ICAP
7400 Duo, Thermo Fisher Scientific Inc., Waltham, MA 02451,
USA) or depending on the concentration by ICP-MS (ICAP-
Q, Thermo Fisher Scientific) after acid digestion of powdered
sample materials both before and after dissolution experiments.
To do this, 0.2 g of ground rock material was digested with an
acid mixture (4mL 65% HNO3; 2.mL 32% HCl and 1mL 48%
HF) in a microwave oven (1 h, maximum temperature 210◦C).
To minimize the danger of HF and complex formation of barely
soluble fluorides, 10mL cold saturated boric acid was added.
Weathering indices WIP and CIA were calculated according
to Fiantis et al. (2010) using the data obtained by ICP-OES
or ICP-MS analysis of solid mineral phases. Before and after
pH measurements of the liquid phase were taken with a pH
meter. Elemental concentrations in the eluted materials were
determined after 45 and 180 d incubation by ICP-OES or ICP-MS
measurement after acidification of the eluate with concentrated
HNO3. External calibration with matrix matching was used for
all eluted and digested samples.
RESULTS
Experiments with Granite
Abiotic experiments remained aseptic while the number of
cells of both organisms increased during 180 d experimental
period in the inoculated columns (Figure 2). Biofilm growth was
distributed overmineral fragments in patches, both partners were
present in the layers near to the glass as well as in the deeper
regions of columns. Permanent circulation/percolation of the
medium has supported even distribution of cells and especially
of their metabolic products in the percolation columns. qPCR-
based estimations and Chla measurements indicated similar
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numbers of N. punctiforme, but with K. petricola the DNA-
based methods gave clearly higher numbers than viable counts
(Figure 2), perhaps indicating lack of viability.
It is clear that even with short incubation times (45 d), seven
elements were released from the granite. In decreasing quantity
FIGURE 2 | Estimated numbers (n = 3) of K. petricola and N.
punctiforme based on qPCR data (both organisms), viable counts (K.
petricola) and Chla contents (N. punctiforme). Box plots show triplicate
values as cross lines and mean values as squares, the inoculum cell number
was the same for all biotic samples and is shown as a cross line.
these were Ca > Na > K > Mg > Mn > Zn > Ba. Longer
incubation times resulted in greater accumulation of the elements
in the eluate (Figure 3). Perhaps surprisingly though only Mn,
Mg and Ca concentrations were higher for the biotic experiments
than the abiotic ones (Figures 3A,B). In other words Ba, K,
and Zn were released from the minerals by MQ water or sterile
medium alone (Figures 3B,C).
SEM-EDX analyses of polished sections showed Ca depletion
near the granite surface (Figure 4). CIA weathering indices were
generally higher after the experiments as well in biotic as opposed
to abiotic conditions (Table 3). Unfortunately, the variance in
weathering indices was too high to permit definite conclusions.
Similarly, the pH of the eluates ranged from 5.6 initially to 5.5
after 180 d and differences between biotic and abiotic conditions
were not observed.
Experiments with Plagioclase and
K-feldspar
Again, the abiotic treatments remained aseptic while both the
cyanobacterium and the fungus grew in the inoculated columns.
Ca, K, and Na were released from both minerals over the 180 d
experimental period. Ca and Na were especially rapidly released
from plagioclase (for Ca ≈ 2 orders of magnitude higher than
FIGURE 3 | Quantity of elements within the eluates from the flow-through columns containing granite [expressed as amount of element per kg of
granite after 45 and 180 d incubation (n = 3 for biotic and abiotic samples with nutrient solution, n = 1 for abiotic controls with MQ water)].
Measurements were done by ICP-OES or ICP-MS. Box-plots show the triplicate values as cross lines and mean values as squares (for MQ water controls only single
cross lines are shown). (A) Released amount of Na and Ca. (B) released amount of Ba and Zn. (C) released amount of Mn, Mg, and K.
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FIGURE 4 | Overlay of EDX spectra near the surface and in the center of granite grains after 180 d incubation in flow-through columns containing K.
petricola and N. punctiforme. The spectrum marked in red shows the situation near the mineral surface while the black edging shows the spectrum for the central
part of mineral. The black arrow indicates Ca depletion near to the mineral surface.
TABLE 3 | Calculated weathering indices CIA and WIP.
Sample CIA index SD WIP index SD
Before 21 – 4440 –
abiotic control MQ water after 24 – 4310 –
abiotic samples after 32 12 4086 57
biotic samples after 39 12 4160 225
in K-feldspar) although K release was slightly higher in K-
feldspar (Figure 5). Ca release was enhanced in the biotic samples
containing plagioclase. With K-feldspar, the release also included
Na. Ca depletion was confirmed in polished sections of samples
via SEM-EDX analyses. A darker area near the surface of the
mineral grains within the polished sections occurred down to≥ 5
µm (Figure 6A). A line-scan for Ca concentrations starting from
the darker to the lighter area within the mineral grains revealed
an abrupt rise in Ca concentration at the border between the
two areas (Figure 6B). Such an abrupt change in concentration
was not observed in line-scans of Na and only slightly for Al.
These findings were supported by microprobe analyses showing
almost complete depletion of Ca and a slight depletion of Al in
the darker area with Na being constant compared to the lighter
area. Depletion of Na within plagioclase and K within K-feldspar
was shown via TEM-EDX analyses to occur in the direct vicinity
of the surface at≦ 2 µm depth (Figure 7).
DISCUSSION
Although the absolute amount of K within the granite was
2-fold higher than Na and 10-fold higher than Ca (Table 1),
release of Ca and Na exceeded the one of K explicitly during
incubation in the flow-through columns with Ca being more
released than Na (Figure 3). Considering the mainly found
minerals within the granite used and known mineral dissolution
rates from other studies (Lasaga et al., 1994), plagioclase is
expected to be dissolved first, followed by other feldspars, micas
and finally quartz (White, 2008). This is in agreement with the
found amounts of elements in eluates, as Ca and Na are most
probably released from the plagioclase obeying faster dissolution
kinetics and resulting in higher final concentrations compared to
presumably K-feldspar- and biotite-derived K, Mg and Mn. This
is additionally supported by experiments using only plagioclase
or K-feldspar: for plagioclase Ca concentrations within eluates
were 10-fold and Na concentrations 5-fold higher than the
respective values for granite, indicating that within the latter
most of the released Ca and Na derived from its plagioclase. In
granite other minerals with much lower dissolution rates like
quartz occupy a relevant part of the surface area and reduce
therefore the overall release of Ca and Na. If only plagioclase
is provided as weathering substrate, the relative area with faster
dissolvingminerals is increased resulting in comparatively higher
Ca concentrations in the eluate. For K-feldspar experiments K
concentrations in the eluates were within the same range as for
granite experiments despite the fact, that only K-feldspar was
offered as weathering substrate, indicating that a relevant part
of the released K in the granite experiments derived from other
minerals than K-feldspar. Biotite is the most likely alternative K-
containing mineral within granite that may have contributed to
the amount of released K. The concomitant release ofMg andMn
(Figure 3) supports this hypothesis.
Within plagioclases the dissolution rates increase with
increasing anorthite fractions implying a faster release of Ca
(Huang and Kiang, 1972; Oxburgh et al., 1994). Faster release of
Ca might be reflected also in larger depletion distances from the
surface to the center of mineral grains. This would explain why
Ca is depleted up to more than 5 µm into the mineral grains,
whereas Na and K depletion are detected only in less than 2 µm
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FIGURE 5 | Release of elements in the flow-through experiments expressed as amount per kg of biofilm-incubated plagioclase (A) and K-feldspar (B)
after 180 d incubation. Measurements were done by ICP-OES or ICP-MS for one biotic and one abiotic sample with nutrient solution.
FIGURE 6 | Ca depletion near the surface of plagioclase grains. (A)
Microprobe recording of a polished plagioclase grain section with a darker
area near the surface is indicated by a black arrow. (B) Line-scan of the Ca
concentration starting from the surface and crossing the border to the lighter
area positioned more centrally (Ca concentration increases from right to left).
distance from the mineral surface in examined polished mineral
sections.
In granite the release of Ca, Mg, and Mn was biotically
enhanced (Figures 3A,C), for K there was no difference
compared to abiotic samples with regard to the concentrations
in the eluate (Figure 3C). Ca2+, Na+, K+, and Mg2+ are the
most abundant metal ions within biology (Cowan, 1991) and
can be both absorbed in the biofilm/biofilm matrix as well as
incorporated into the cells. Mg dependent enzymes participate in
general metabolic and essential nucleotide processing reactions
in all organisms (Cowan, 2002). Ca is of crucial importance for
calmodulin and calcineurin in eukaryotes (Kraus and Heitman,
2003) as well as for various processes like chemotaxis, DNA
replication, phospholipid synthesis and protein phosphorylation
in prokaryotes (Norris et al., 1991). Na and K are important
electrolytes maintaining electrochemical gradients within cells
and contributing to charge neutralization (Black et al., 1994). As
these elements are essential for various cell processes, they are
expected to occur at least in low amounts within all organisms
and are found there also (Li, 1984). So, dissolution of rocks
like granite can not only be enhanced in the presence of
microorganisms, but the concentration of released elements in
solution can be changed also by its accumulation in organisms.
If released K would be accumulated within microbial cells in
significant amounts, its detection within the eluate would be
decreased and a biotic enhancement of K release would be
masked. Such an effect could have been caused in the presented
experiments by K accumulation of 5–10 µm. Data for measured
cell numbers lead to an estimated weight of 0.5 g for the final
biomass. K accumulations of 5–10 µmwould correspond to 0.1–
0.2mg K per g cells. K accumulations of this range and even
higher have been shown for mycorrhizal fungi (Wallander et al.,
2002, 2003). The estimated weight of the inoculum is 15 mg.
The content of the elements Ca, Na, Mg, Mn, and K within
microorganisms related to K. petricola and N. punctiforme (Gao,
1998; Tashpulatov et al., 2000) makes a relevant contribution of
the starting biomass to the final element concentrations within
the eluate implausible. The measured enhancement of mineral
dissolution in biotic samples is therefore assumed to be caused
by growing microorganisms. As no direct physical attacks by
fungal hyphae or cyanobacterial filaments were observable via
microscopical methods (SEM, TEM, light microscopy) within
mineral samples, an indirect process resulting from microbial
metabolism is suggested. For example, production of organic
acids or respiration-derived CO2 would lower the pH, which
is a possible factor in biodeterioration of minerals (Delatorre
et al., 1993; Gómez-Alarcón et al., 1994; Machill et al., 1997;
Weber et al., 2011). The fact that pH decreased only slightly
and in the same way in all experiments despite varying extent of
dissolution (Figure 3) is not contradictory with this explanation
as pH values in the direct micro-environment of cells between
a biofilm and its substrate can differ significantly from those
in the macro-environment (Bonneville et al., 2011). The lower
cell numbers for K. petricola in viable counts as compared to
qPCR data (Figure 2) could imply that a significant part of the
fungal cells died during the experiments or was finally in an
uncultivable state. This would not exclude a biotic influence of
these cells, as a release of acidifying metabolites would be still
possible and could have occurred also in an earlier stage during
the experiment. The mere presence of various organic ligands
is known to increase element release from granites (Neaman
et al., 2006; Hausrath et al., 2009), and the growth of the
model biofilm that has steadily increased its biomass during
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FIGURE 7 | TEM-EDX measurements of element concentrations within plagioclase (A) and K-feldspar (B) near the surface (white) and 1–2 µm below
the surface (gray) (n = 10).
the experiment is unequivocally connected to the production of
various accompanying metabolites.
The abrupt decrease of Ca concentration in peripheral
mineral areas observed in polished plagioclase sections favors
an interface-coupled dissolution-reprecipitation mechanism on
the interface between mineral and environment as described
recently in silicates (Putnis, 2009; Hellmann et al., 2012; Ruiz-
Agudo et al., 2014). A leaching mechanism would have resulted
in the formation of a Ca concentration gradient, which was not
observed. This implies dissolution of Ca-containing plagioclase
and reprecipitation of a plagioclase with much less Ca and a
composition more toward the albite end member. This process,
known as albitisation, occurs widespread in natural rock types
and is especially related to hydrothermal alteration (Hövelmann
et al., 2010) as well as low-temperature water-rock exchange
during burial diagenesis of feldspar-bearing sandstones (Perez
and Boles, 2005).
The calculated WIP and CIA weathering indices indicate
increasing weathering after 180 d incubation within the flow-
through columns and for percolation with the used nutrient
solution as compared to MQ water. A significant difference
between biotic and abiotic samples was not observed, probably
due to the short incubation time.
CONCLUDING REMARKS
The bipartite model laboratory biofilm including Knufia
petricola A95 and N. punctiforme (Gorbushina and Broughton,
2009; Seiffert et al., 2014) is capable of growing symbiotically
and interacting with mineral substrates. The present work
demonstrates that dissolution of granite, plagioclase and
K-feldspar is enhanced in the presence of model biofilms
under flow-through conditions. This effect is most likely
indirectly caused by released metabolites of the microorganisms.
Interestingly, the major nutrient Ca is preferentially released
from Na-rich feldspar grains. The dissolution mechanisms
could be explained by dissolution-reprecipitation. The
mechanism of the biodeteriorating process still has to be
elucidated—and a combination of a genetically amenable
model fungal/phototroph biofilm (Gorbushina and Broughton,
2009; Seiffert et al., 2014) grown in percolation columns offers
a new instrument of biologically as well as geochemically
precise quantification-based studies. A statistically-relevant
number of grains that are exposed to biofilm-induced
weathering allows for a quantifying geochemical analysis
of the process, while microscopic/analytic analysis of single
grains can be used to demonstrate local activity of single
cells and their excreted matrices. Acidification in the
microenvironment between biofilm and mineral surface is
a hypothesis that can be tested via high-spatial resolution pH
measurements. Genetic amenability of both model biofilm
partners (Noack-Schönmann et al., 2014) will be used to study
different combinations of genes possibly involved in mineral
weathering.
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